Nodal superconductors without inversion symmetry exhibit nontrivial topological properties, manifested by topologically protected flat-band edge states. Here we study the effects of edge roughness and strong edge disorder on the flat-band states using large-scale numerical simulations. We show that the bulk-edge correspondence remains valid for rough edges and demonstrate that midgap states generically appear at the boundary of nodal noncentrosymmetric superconductors, for almost all edge orientations. Moderately strong nonmagnetic disorder shifts some of the edge states away from zero energy, but does not change their total number. Strong spin-independent edge disorder, on the other hand, leads to the appearance of new weakly disordered midgap states in the layers adjacent to the disordered edge, i.e., at the interface between the bulk topological superconductor and the one-dimensional Anderson insulator formed by the strongly disordered edge layers. Furthermore, we show that magnetic impurities, which lift the time-reversal symmetry protection of the flat-band states, lead to a rapid decrease of the number of edge states with increasing disorder strength.
I. INTRODUCTION
Topological superconductors have recently attracted considerable theoretical 1-8 and experimental [9] [10] [11] [12] [13] interest, due to the possibility of realizing exotic zero-energy edge states in these systems. Depending on the superconducting pairing symmetry, these edge states are either chiral or helical Majorana modes, or, in the case of nodal superconductors, form zero-energy flat bands. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] One particularly interesting class of topological superconductors are noncentrosymmetric superconductors with strong spin-orbit coupling. 24, 25 Many of these compounds, e.g., CePt 3 Si, [26] [27] [28] CeIrSi 3 , 29, 30 and Li 2 Pt 3 B, [31] [32] [33] [34] are reported to have unconventional pairing symmetries with sizable spin-triplet pairing components and line nodes in the superconducting gap. As a result of Rashbatype spin-orbit interactions, the flat-band edge states in these systems are spin-nondegenerate and exhibit a helical spin polarization, where the spin orientation varies as a function of edge momentum. [35] [36] [37] [38] As a consequence of the nontrivial spin texture, the lowest-order matrix element for spin-independent backscattering among the surface states is suppressed. 37, 38 The boundary states of clean topological superconductors in a ribbon or slab geometry are well studied theoretically. For example, for a two-dimensional (d xy + p)-wave superconductor on the square lattice, it was shown that flat-band edge states appear at the (10) and (01) edges, but are absent at the (11) edge (see Fig. 1 ). This can be understood in terms of a bulkedge correspondence: The topological properties of the quasiparticle wave functions in the bulk, which are characterized by a one-dimensional winding number, directly imply the existence of zero-energy states at the edge. 14, 20, 22, 23, 39 However, in the presence of edge disorder or for a superconducting dot with a closed boundary, it is not clear whether the bulk-edge correspondence still applies. Strictly speaking, the topological winding number is ill-defined in the absence of translational symmetry, since it is given in terms of a momentum-space integral. 40 Nevertheless, sufficiently large disks of topological superconductors are expected to show the same edge properties as topological superconductors in an infinite ribbon geometry. The study of edge roughness or edge disorder has direct relevance for experiments, since surfaces of unconventional superconductors are often either intrinsically disordered or can be intentionally disordered via the deposition of impurity atoms.
In this paper, using the (d xy + p)-wave superconductor as a prototypical example, we study the edge properties of disordered nodal topological superconductors with rough irregular boundaries consisting of both (10) edge and (11) edge parts. By means of large-scale numerical simulations of a two-dimensional Bogoliubov-de Gennes (BdG) lattice model, we demonstrate the validity of the bulk-edge correspondence for rough edges , and show that the number of edge states is proportional to the length of the boundary (see Fig. 2 ). Secondly, we investigate the effects of strong nonmagnetic edge impurities, which influence both the edge and the bulk quasiparticle wave functions, leading to a nontrivial coupling between the two. We find that strong edge disorder localizes the states in the edge layer, but leads to the appearance of new weakly disordered ingap states in the second and third inward layers, just below the strongly disordered edge. That is, zeroenergy states appear at the interface between the bulk topological superconductor and the Anderson insulating state of the first layer (see Fig. 3 ). Weak nonmagnetic impurities, on the other hand, only spread the zero-energy edge states over an energy band of small finite width, leaving the total number of edge states unchanged. Finally, we also consider magnetic impurities, which lift the symmetry protection of the flat-band edge states. Due to spin-flip scattering, a finite density of impurity spins gives rise to a rapid decrease of the number of edge states with increasing disorder strength (see Fig. 4 ).
The outline of the paper is as follows. In Sec. II we start by introducing the BdG Hamiltonian of the (d xy + p)-wave superconductor on the square lattice. In Sec. III an analytical expression for the flat-band edge-state wave functions is given and the lowest-order matrix element for scattering among the flat-band edge states is determined. Using large-scale exact diagonalization, we investigate in Sec. IV the edge properties of superconducting dots with closed irregular boundaries.
The effects of strong magnetic and nonmagnetic edge disorder are studied numerically in Sec. V by means of the recursive Green's function technique. We conclude with a brief discussion in Sec. VI. Some of the technical details are relegated to two Appendices.
II. MODEL DEFINITION
We study the stability of flat-band edge states in noncentrosymmetric superconductors by considering, as a representative example, the (d xy + p)-wave superconductor on the square lattice with both spin-singlet and spin-triplet pairing components. 15 In momentum space this topological superconductor is described by a 4 × 4 BdG Hamiltonian H = 1 2
and the four-component Nambu spinor
T , where c † kσ (c kσ ) creates (annihilates) an electron with spin σ and momentum k. The normal-state dispersion of the electrons is given by
T is the vector of Pauli matrices, σ 0 the 2 × 2 identity matrix, and l k represents the Rashba-type spin-orbit coupling potential with l k =x sin k y −ŷ sin k x . Here, t denotes twice the nearest-neighbor hopping integral, µ is the chemical potential, and λ stands for the spin-orbit coupling strength. Due to the absence of inversion symmetry, the superconducting order parameter ∆ k contains both even-parity spin-singlet and odd-parity spin-triplet pairing components
with f k = sin k x sin k y , and where ∆ s and ∆ t denote the spin-singlet and spin-triplet pairing amplitudes, respectively. Unless otherwise specified, we set (t, µ, λ, ∆ s , ∆ t ) = (2.0, 2.0, 1.0, 0.0, 1.0) for our numerical calculations. We have checked that different parameter choices do not qualitatively alter our results, as long as the nodal structure of the superconductor remains the same. The Rashba-type spin-orbit coupling λl k splits the normalstate Fermi surface into two helical Fermi surfaces, given by ξ ± k = ε k ± λ |l k | = 0. As a result of the d xy -wave form factor f k , the superconducting order parameter ∆ k on these two helical Fermi surfaces changes sign, leading to eight nodal points where the gap of the quasiparticle spectrum vanishes [see Fig. 1(a) ]. These gap closing-points are located at (±k α 0 , 0) and (0, ±k α 0 ) in the two-dimensional Brillouin zone, where
with α ∈ {+, −}. The gapless quasiparticle band structure of these Dirac points is protected by a combination of timereversal and particle-hole symmetry, and their stability is guaranteed by the conservation of a quantized topological invariant [cf. Eq. (4)]. 14, [20] [21] [22] [23] Particle-hole symmetry C = U C K and time-reversal symmetry T = U T K act on the BdG Hamiltonian (1) as
, where K is the complex conjugation operator, U C = σ x ⊗ σ 0 , and U T = σ 0 ⊗ iσ y . Since C 2 = +1 and T 2 = −1, Hamiltonian (1) belongs to class DIII of the symmetry classification. 41 As a result of these symmetries, H k anticommutes with the unitary matrix
, with the transformation matrix
The transformed BdG Hamiltonian reads
where D(k) = h k σ 0 + ∆ k σ y . Due to the chiral symmetry U † S H k U S = −H k , we can choose the zero-energy eigenfunctions of H k to be simultaneous eigenstates of U S with a defined chirality eigenvalue Γ = +1 or Γ = −1. 16 The topological invariant that guarantees the stability of the eight nodal points of H k can be defined in terms of the winding number W C of det D(k), i.e., in terms of the number of revolutions of det D(k) around the origin of the complex plane as k moves along a closed contour C. An explicit expression of W C ∈ Z is given by [20] [21] [22] 42 
where C is a one-dimensional contour encircling one (or several) nodal points in momentum space. As a consequence of the bulk-edge correspondence, a nonzero winding number W C = 0 signals the appearance of zero-energy modes at certain edges. For example, for the (01) edge one can define an edge momentum-dependent winding number
For k x between the projected nodes of the two helical Fermi surfaces, W C (k x ) evaluates to +1 or −1, which gives rise to a spin-nondegenerate zero-energy flat band at these edge momenta [ Fig. 1(c) ]. On the (11) edge, however, zero-energy flat bands are absent [ Fig. 1(d) ]. 15, 16, 20 In Sec. IV, we will numerically compute the edge modes of the (d xy + p)-wave superconductor for different edges. We will demonstrate that zero-energy flat-band states generically appear at the boundary for arbitrary edge orientations, except for the (11) edge. But before doing so, we first derive in the following section the lowest-order matrix elements for impurity scattering among the flat-band edge states using an explicit expression for the edge-state wave functions.
III. FLAT-BAND EDGE-STATE WAVE FUNCTION
To derive the zero-energy edge-state wave functions, let us consider Hamiltonian (1) on the semi-infinite plane y > 0, with the (01) edge located at y = 0. The ansatz for the nondegenerate edge-state wave function is taken to be Ψ kx = α,β C T with positive chirality Γ = +1 and a part (0, η kx )
T with negative chirality Γ = −1. Since all the eigenstates of H k can be chosen to have definite chirality, it follows that η kx = 0 whenever χ kx = 0 and vice versa. [14] [15] [16] In addition, we observe that for every edge-state wave function
with edge momentum k x and Γ = +1 there is a time-reversed partner
with edge momentum −k x and Γ = −1. Using quasiclassical scattering theory, it is shown in Appendix A that the zeroenergy edge-state wavefunction Ψ
F and ∆ t > ∆ s can be explicitly written as 16, 22 
where (5) can be derived for the zero-energy edge states on the opposite edge, i.e., for Hamiltonian (1) on y < 0, which supports zero-energy flat band states with opposite chirality as compared to Eq. (5).
A. Spin polarization of flat-band edge states
Surface states of noncentrosymmetric superconductors exhibit a helical spin texture, where the spin orientation of the surface states is correlated with their momentum. [36] [37] [38] 43, 44 For the (01) edge of the (d xy + p)-wave superconductor one finds that the flat-band states are strongly polarized in the yzspin plane, but have a vanishing spin component along the x axis. [36] [37] [38] Using Eq. (5), it can be explicitly verified that the expectation value of the spin operator
with respect to the surface-state wave functions Ψ ± kx , Eq. (5), has the following properties (cf. Appendix A)
for all k x with k
Here, S denotes the spin operator in the off-diagonal basis, i.e., S µ = W S µ W † . Moreover, one finds that the y component of the spin expectation value is much larger than the z component and that the sign of the y-spin polarization correlates with the chirality Γ of the flat-band edge state, such that sgn[
Finally, we note that the two flat-band edge states Ψ + −kx and Ψ − kx , which have opposite edge momenta, have opposite spin polarization. That is,
, which is consistent with timereversal symmetry.
B. Impurity scattering among flat-band edge states
In order to calculate the matrix elements for impurity scattering among flat-band edge states, we consider uncorrelated edge disorder described by
where
denotes the Fourier transform of the impurity potentials v(x j )S β at the edge sites x j with strengths v(x j ). Here, N stands for the number of lattice sites and V β=0 corresponds to nonmagnetic impurities with S 0 = σ z ⊗ σ 0 , while V β=x,y,z represents magnetic exchange scattering with S x,y,z = S x,y,z . First, we observe that impurity scattering processes connecting flat-band edge states to bulk nodal quasiparticles are strongly suppressed, since the bulk density of states vanishes linearly as ω → 0 [see Fig. 1(b) ]. A rough estimate for the effects of impurity scattering among the zero-energy edges states can be obtained from the matrix elements of the impurity potential V β qx between two flat-band edge-state wavefunctions. Because the edge spectrum of the (d xy + p)-wave superconductor has in general two flat bands with opposite chirality [see Fig. 1(c)] , it is useful to distinguish between "intraband" scattering between states with the same chirality and "interband" scattering between states with opposite chirality. From
and
follows that edge flat bands are protected against nonmagnetic intraband scattering by chiral symmetry. In other words, since nonmagnetic onsite disorder preserves the total chirality number of the superconductor, it can remove edge states only in pairs of opposite chirality. Magnetic impurities, on the other hand, break chiral symmetry, i.e., V x,y,z qx
x,y,z qx = 0, and therefore allow for strong intraband scattering.
For the case of impurity scattering between edge flat bands with opposite chirality we find by use of Eqs. (5a) and (5b) that time-reversal invariance forbids nonmagnetic backscattering between the time-reversed partners Ψ − kx and Ψ + −kx . That is,
Moreover, for two flat-band edge states with nearly opposite momenta k x and −k x (i.e.,
is nonzero but small, due to the mismatch between the almost opposite spin polarizations of the two edge states. In the presence of magnetic impurities, however, spin-flip scattering is allowed, and hence scattering between states with opposite spin polarizations is possible.
The above considerations suggest that moderately strong nonmagnetic disorder, with disorder strength γ imp smaller or of the same order as the superconducting gaps |∆ ± | = |∆ s ± ∆ t |, has only weak effects on the flat-band edge states. Magnetic impurities, however, which lift the symmetry protection of the flat-band states, are expected to strongly reduce the number of edge states. To test these expectations, we perform in the following two sections numerical simulations of the (d xy + p)-wave superconductor in the presence of different types of edge disorder. . Panel (c) shows the average number of edge states for an ensemble of randomly shaped superconducting dots with smooth (blue circles) and rough (red squares) boundaries as a function of circumference L of the dot. 45 Here, the edge states are separated from the bulk states according to criterion (15) and by additionally requiring that the energy of the states is smaller than 0.1|∆±| in absolute value. The solid black line represents the analytical approximation given by Eq. (17).
IV. EDGE STATES AT IRREGULARLY SHAPED BOUNDARIES
In order to compute the edge-state wave functions of an irregularly shaped (d xy + p)-wave superconduting dot with smooth or rough edges, we Fourier transform Hamiltonian (1) to real space and diagonalize it using standard eigenvalue algorithms. 46 The shape of the superconducting dot is defined in terms of a direction-dependent radius
with the parameters w i and φ i and the angle of direction θ. With this definition, the dots can be constructed by cutting the shapes given by Eq. (13) out of a square lattice grid. This results in superconducting dots with smooth edges, whose orientation is locally well defined [ Fig. 2(a) ]. Bulk-and edgestate wave functions can be distinguished in terms of the par-
where i runs over all the sites r i in the dot and N is the total number of sites. The participation ratio P (Ψ L ) represents the number of lattice sites occupied by the Bogoliubov quasiparticle wave function Ψ L compared to the total number of sites N . Hence, for extended bulk states P (Ψ L ) 1, whereas for localized edge states P (Ψ L ) 1. We find that for sufficiently large dots, a good characterization of the edge-state wave functions is given by
is the average participation ratio of all the low-energy wave functions Ψ ι L of an ensemble of randomly shaped superconducting dots of circumference L. Here, n denotes the size of the statistical ensemble and W ι is the set of the first ∼ L/2 lowest positive energy wave functions calculated numerically for each sample. 46 Since edge disorder leads to a small L-dependent decrease of the participation ratio P (Ψ L ) of all the wave functions Ψ L , we have included in Eq. (15) the renormalization factor P avg (880)/P avg (L), where L = 880 is the circumference of the largest dots.
a. Smooth edges. We first study irregularly shaped dots with smooth boundaries, where the edge orientation is locally well defined [inset of Fig. 2(a) ]. These boundaries consist of both (01)-edge and (11)-edge type parts, leading to long-range correlated disorder. As exemplified in Fig. 2(a) , we find that ingap states appear at almost all boundaries of the dot. That is, the behavior characteristic of the (01)-edge [ Fig. 1(c) ] is generic and qualitatively independent of the edge orientation. Hence, the number of edge states is expected to scale linearly with the circumference L of the superconducting dot. Within a simplified continuum theory, one can show that the density of edge states per unit length for a smooth edge is approximately given by (cf. Appendix A)
where 0 ≤ ϕ < π/4 is the angle between the local edge orientation and the nearest (01) or (10) direction. Integrating Eq. (16) along the circumference, we find that the total number of edge states for a circular dot is given by
As it turns out, Eq. (17) is a good approximation for the number of edge states of an irregularly shaped dot. This is revealed in Fig. 2(c) , which shows the average number of edge states as a function of L for an ensemble of randomly shaped superconducting dots with smooth boundaries (blue circles) 45 together with the analytical result, Eq. (17). The numerical data and the analytical curve are in good agreement except for dots with small circumferences, with L < 50, where finitesize effects become important. b. Rough edges. Second, we consider rough boundaries with edge disorder on the lattice scale. In order to introduce short-range edge disorder, we start from the smooth edges, Eq. (13), and randomly extract edge sites with probability p rm = 0.01, while moving around the edge of the dot once. 47 This "etching" process is repeated twenty times, which leads to an irregular boundary with both long-range and short-range correlated disorder [inset of Fig. 2(b) ]. The edge-state wave function amplitudes for a superconducting dot with rough edges is plotted in Fig. 2(b) . As in the case of smooth edges, we find that edge states appear at almost all boundaries. That is, short-range edge disorder does not change the total number of edge states, but only shifts some of the edge states away from zero energy. This is further evidenced in Fig 2(c) (red squares), which shows that the average number of ingap states at a randomly shaped boundary with short-range disorder scales linearly in L, and is in good agreement with Eq. (17).
In conclusion, our numerical simulations of (d xy + p)-wave superconducting dots with short-range and long-range edge disorder demonstrate that the bulk-edge correspondence remains valid even in the absence of translation symmetry. Ingap states generically appear at the boundary of these superconductors, for almost all edge orientations. Due to their topological origin (cf. Sec. III B), the edge states are robust against nonmagnetic scattering from both short-range and long-range correlated edge disorder.
V. STRONG EDGE DISORDER
Let us now investigate in detail the effects of strong edge disorder, which affects both edge and bulk states, leading to a nontrivial interaction between the two. In order to access larger system sizes than in Sec. IV, we employ here recursive Green's function techniques 49, 50 to calculate the lattice Green's function G(ω; r) of a disordered (d xy + p)-wave superconducting ribbon (see Appendix B). From the Green's function G(ω; r) the local density of states in the y-th layer is obtained via
where N x denotes the length of the superconducting ribbon. In the following, we have considered samples of width N y = 70 sites and length N x = 600 sites. Quenched edge disorder is implemented by adding random on-site potentials V β xj = v(x j )S β in the two outermost layers of the superconducting ribbon. We consider two different types of disorder distributions: [51] [52] [53] (i) scatterers at each lattice site with local potentials v(x j ) drawn from a box distribution p [v(x j )] = 1/γ imp for v(x j ) ∈ [−γ imp /2, +γ imp /2] (referred to as "Gaussian" type disorder), 52 and (ii) a dilute density ρ imp of strong scatterers with constant potential strength v(x j ) ≡ v imp |∆ ± | (referred to as "unitary" type disorder). In case (i) the strength of the disorder is controlled by the width γ imp of the distribution, whereas in case (ii) it can be adjusted in terms of both the impurity density ρ imp and the potential strength v imp . Since fluctuations between different disorder realizations are minor, we present in spectra for a specific disorder realization, without averaging over disorder configurations.
A. Nonmagnetic impurities
We start by discussing the effects of nonmagnetic impurities with potentials V 0 xj = v(x j )S 0 . In Fig. 3 is shown the local density of states ρ y (ω) for the first four outermost layers of a (d xy + p)-wave superconducting ribbon with nonmagnetic disorder of different strengths. The case of "Gaussian" type disorder is plotted in panels (a)-(e), whereas the effects of "unitary" type disorder are presented in panels (f)-(j). In order to estimate the number of ingap edge states in the system, we have fitted a Lorentzian function to the zero-bias peaks in Fig. 3 . The peak width Γ and the peak area A provide a measure for the number of edge states and their spread in energy, respectively (insets in Fig. 3 ). In agreement with the analytical arguments given in Sec. III B, we find that weak and even moderately strong disorder, with γ imp (or ρ imp v imp ) of the same order as the superconducting gaps |∆ ± |, has very little effect on the edge states: Gaussian disorder gives rise to a slightly faster decay of the edge states into the bulk [ Fig. 3(b) ], whereas unitary disorder somewhat increases the energy spread of the ingap states [ Fig. 3(f) ]. The total number of edge states, however, is unaffected by moderately strong disorder [compare insets in Figs. 3(a) , 3(b), and 3(f)].
For strong edge disorder with γ imp |∆ ± | (or ρ imp v imp |∆ ± |), on the other hand, the states in the outermost layer become strongly localized. But remarkably, new weakly disordered edge states appear at the second and third inward layers [ Fig. 3(e) and 3(j) ]. In other words, due to the bulk-boundary correspondence, zero-energy states emerge at the interface between the bulk topological superconductor and the Anderson insulator formed by the outermost layer. This behavior is reminiscent of topological-insulator surface states perturbed by strong disorder. 54, 55 
B. Magnetic impurities

Magnetic impurities
x,y,z break timereversal symmetry, thereby lifting the symmetry protection of the edge states. In Fig. 4 we present the edge density of states ρ edge , defined as the sum of ρ y (ω) over the four outermost layers, of a (d xy + p)-wave superconducting ribbon with (01) edges in the presence of impurity spins polarized along the x, y, and z axes [panels to the flat bands, whereas scalar impurities and x spin polarized impurities leave the edge states almost unaffected as long as γ imp (ρ imp v imp ) is not much larger than |∆ ± |. As shown in Figs. 4(c) and 4(h), y spin polarized impurities are particularly harmful to the flat-band edge states, even for relatively small disorder strengths of γ imp 0.8 |∆ ± | (or v imp 0.8 |∆ ± | for the "unitary" type disorder).
VI. SUMMARY AND CONCLUSIONS
In summary, we have shown that flat-band edge states in noncentrosymmetric superconductors are robust against weak and moderately strong nonmagnetic edge disorder, as long as the disorder strength is not much larger than the superconducting gaps. Using analytical considerations, we have found that spin-independent scattering among the flat-band edge states is suppressed due to the definite chirality of the edge-state wave functions and their helical spin texture (Sec. III B). By means of extensive numerical simulations, we have demonstrated that moderately strong spin-independent disorder spreads the zero-energy edge states over a small band in energy, but does not alter the total number of edge states [Figs. 4(a) and 4(f)]. However, in the presence of strong edge disorder, with disorder strength much larger than the superconducting gaps, the wave functions in the outermost layer localize, but new weakly disordered ingap states appear in the second and third inward layers [Figs. 3(e) and 3(j)]. We have investigated the edge orientation dependence of the edge state density by numerically simulating superconducting dots with both smooth and rough boundaries. Edge states appear for almost all edge orientations, even in the absence of translation symmetry along the boundary [ Fig. 2 ]. This demonstrates that translation symmetry is not crucial for the protection of the edge states. Time-reversal and particle-hole symmetry, on the other hand, play a key role for the stability of the flat-band states. Consequently, we have found that magnetic impurities, which break time-reversal symmetry, substantially decrease the number of edge states even for small impurity densities [Figs. 4(c) and 4(h)].
Nondegenerate flat-band edge states are expected to appear in any nodal topological superconductor with strong Rashba type spin-orbit coupling, such as, e.g., CePt 3 Si or Li 2 Pt 3 B. These boundary states can in principle be observed using scanning tunneling microscopy or angle-resolved photoemission spectroscopy. The signature of the flat-band edge states on transport in various heterostructures involving topological superconductors remains as a direction for future research, as well as the study of interaction effects among the flat-band edge states. 56 useful discussions. In order to derive Eq. (5), we perform a small momentum expansion of tight-binding Hamiltonian (1), around the Γ-point. This yields a continuum model with quadratic dispersions in the normal state and Fermi wave vectors
where m = −1/t, µ = µ − 2t, and α ∈ {+, −} labels the two helical Fermi surfaces. As in the main text, we consider a (01) edge located at y = 0, where the superconductor and the vacuum occupy the half-spaces y > 0 and y < 0, respectively. The zero-energy edge states can be determined by solving the equation H(k x , −i∂ y )Ψ kx = 0, with the wave function ansatz Ψ kx = Ψ kx e κy . Here, Re[κ] is the inverse decay length of the edge state. In the following, we focus on solutions with positive chirality Γ = +1, which exist within the interval −k
which is a polynomial equation of fourth degree in κ. The nature of the roots of Eq. (A2) can be inferred, to some extent, from the free term
2 )/4 of this quartic equation. An explicit expression for the roots of Eq. (A2) can be given within the quasi-classical approximation. For −k
we have a 0 < 0, and Eq. (A2) for ∆ t > ∆ s has two real roots and two complex conjugate roots. That is, the solutions of Eq. (A2) are given by 16, 22 
with β ∈ {1, 2}, the transverse momenta k
We observe that κ For each of the four roots κ ± β , the kernel of the secular equation is spanned by one basis vector ψ ± β , which reads in the off-diagonal basis, Eq. (3),
with β ∈ {1, 2}. With this, the ansatz for the flat-band edge states can be written as a linear combination of the basis states (A4)
where the coefficients C α β are fixed by the boundary conditions
The latter condition implies C 2 ) that satisfies the boundary conditions. After some algebra, we find that in the off-diagonal basis, Eq. (3), the zero-energy edgestate wave function with positive chirality Γ = +1 is given by Ψ + kx = (χ kx , 0) T , with
where 
where we have used the fact that κ edge states reads det[D † (k , −iκ)] = 0. Within the continuum approximation, we find that for dominant triplet pairing, ∆ t > ∆ s , the flat bands are always of single degeneracy. 17, 22 Zero-energy states appear in regions of the edge Brillouin zone that are bounded by the projected nodal points. Hence, the density of edge states per unit length can be approximated by 
at iteration step n, where n ∈ {1, ..., i − 1} and n ∈ {N x /2, ..., i + 1} for G L and G R , respectively. Finally, the local Green's function can be reduced to
with self-energies, Σ L/R i , given by
The local density of states can then be easily computed by Eq. (18) , where G(ω; x, y) are obtained from the diagonal entries of G(ω; i 
